In this study, two Inconel 625 swirl nozzle inserts with identical bulk geometry were constructed via Additive Layer Manufacturing (ALM) for use in a generic gas turbine swirl burner. Further post-processing by grit blasting of one swirl nozzle insert results in a quantifiable change to the surface roughness characteristics when compared with the unprocessed ALM swirl nozzle insert or a third nozzle insert which has been manufactured using traditional machining methods. An evaluation of the influence of variable surface roughness effects from these swirl nozzle inserts is therefore performed under preheated isothermal and combustion conditions for premixed methane-air flames at thermal power of 25 kW. High-speed velocimetry at the swirler exit under isothermal conditions gives evidence of the change in near-wall boundary layer thickness and turbulent fluctuations resulting from the change in nozzle surface roughness. Under atmospheric combustion conditions, this influence is further quantified using a combination of dynamic pressure, high-speed OH* chemiluminescence, and exhaust gas emissions measurements to evaluate the flame stabilization mechanisms at the lean blowoff and rich stability limits. Notable differences in flame stabilization are evident as the surface roughness is varied, and changes in rich stability limit were investigated in relation to changes in the near-wall turbulence intensity. Results show that precise control of in-process or post-process surface roughness of wetted surfaces can positively influence burner stability limits and NOx emissions and must therefore be carefully considered in the ALM burner design process as well as CFD models.
EXPERIMENTAL AND DIAGNOSTIC SETUP

SWIRLER DESIGN AND OPERATING CONDITIONS
Isothermal air flow and preheated atmospheric pressure (P2 = 0.110 MPa) combustion experiments up to 573 K ± 5 K inlet temperature (T2) were conducted in Cardiff University Gas Turbine Research Centre's high-pressure combustion rig (HPCR), which includes a variable speed drive air compressor, air dryer, two electric air preheaters in series, the high-pressure optical chamber (HPOC) housing the experimental swirl burner, and a backpressure valve for rig pressurization. When installed in the HPOC, the HPGSB-2 allows optical access to the flame through the use of quartz windows and a cylindrical quartz burner confinement with 100 mm inner diameter and 385 mm in length. Further information regarding this experimental rig and the design of the HPGSB-2, shown in Fig. 1 , can be found in other works by the authors [22] [23] [24] . A bluff-body instrumentation lance with 18 mm OD is placed down the centreline of the HPGSB-2 and allows for temperature measurement (K-type, ±2.2 K) within the burner exit nozzle. The HPGSB-2 is modular in that it can be operated with a variety of swirl numbers and confinements, with previous studies including low swirl numbers of S g = 0.5 and novel convergent quartz confinements [26] . For this study, S g was held constant at 0.8.
The swirlers utilized in this study include a "raw" ALM swirler (no post-build surface finishing) with S g = 0.8 ("8R", Fig.   2a ), a grit blasted ALM swirler with S g = 0.8, ("8G", Fig. 2b ), a machined swirler with S g = 0.8 ("8M", Fig. 2c ). Critical dimensions (e.g. nozzle radius) and the location of Laser Doppler Anemometry (LDA) measurements are also given in Fig. 2 . The 304 stainless steel 8M swirler was fabricated at Cardiff University and has been utilized previously for preheated, pressurized combustion studies [22] [23] [24] [25] [26] . The ALM swirlers were manufactured by HiETA Technologies Limited in Bristol, England using a Renishaw RenAM 500Q powder bed SLM machine, which utilizes four 500 W lasers, an argon inert atmosphere, and a 250 mm x 250 mm x 350 mm build volume. The powder used for construction was Inconel 625 (LPW Technology Ltd), selected due to its high strength characteristics at elevated temperature, and which has been used in other studies of SLM construction with regard to surface roughness [15] . Both swirlers were co-located on the build plate along with 6 mm diameter tensile bars and a density block for post-build quality assurance. A post-build heat treatment was utilized to eliminate residual stresses induced during the build. Support structures were removed from all surfaces of the swirlers, however, only the 8G swirler was then post-processed using a manual grit blast (Guyson Saftigrit Brown 24, Rolls Royce CSS12 standard) and bead (Guyson Turbonox) application to improve the swirler surface finish, visible in Fig. 2b .
All combustion studies were conducted under lean (0.50 < φ < 0.95) conditions, with fully premixed methane-air at a fixed thermal power of 25 kW. The fuel flow rate was fixed to maintain the power density scaling (250 kW/MPa [23] ) required for future pressurized combustion experiments. The stable operating limits for each of the 3 swirlers were obtained by varying the equivalence ratio from LBO to a noted rich stability event or φ = 0.95, whichever occurred first. The burner was ignited at a stable operating condition and φ was reduced towards LBO by increasing the air mass flow rate and then increased towards stoichiometry by reducing the air mass flow rate. LBO was categorized by abrupt flame transition into a low frequency, high amplitude limit cycle instability characterized by macro flame extinction and reignition events, which have been documented previously in this burner with S g = 0.8 under ambient inlet conditions [22] . The rich stability limit was characterized by one of two events, an abrupt change in the dynamic pressure amplitude into a limit cycle as φ was increased (as seen with swirler 8R) or φ = 0.95 (as seen with swirlers 8G and 8M), at which high NO x and CO emissions would make operation unfeasible.
utilized, ensuring that temperature, pressure, total mass flow, and Reynolds number at the burner exit (± 3%) were maintained with the equivalent combustion conditions. The air and fuel flows were measured by Micro Motion ELITE coriolis mass flow meters allowing for flow accuracies of ± 0.5%. Premixed burner inlet temperature (T2) and pressure (P2) were measured at the location indicated in Fig. 1 by a K-type thermocouple (± 2.2 K) and a Druck PDCR 10/T pressure transducer (± 0.04%), respectively. Burner outlet temperature (T3, N-type, ± 1.1 K) was measured at the exit of the quartz cylinder. A dedicated swirler pressure drop measurement, ∆P, was made with a Druck PDCR 10/35L differential pressure transducer (±0.04% full scale to 70 kPa). Finally, dynamic pressure measurements at the burner dump plane were sampled at 4000 Hz with a PCB 113B28 piezoelectric dynamic pressure transducer (DPT) with 14.5 mV/kPa sensitivity (±15%) and 0-350 kPa range, with post-processing conducted via Fast Fourier Transform to identify pressure fluctuation amplitude, p' RMS , as well as dominant and secondary mode frequencies, f 1 and f 2 , and their individual amplitudes, M f1 and M f2 . All other rig operating conditions (e.g. flows, temperatures, pressures) were logged at 1 Hz by a dedicated data acquisition system.
EXPERIMENTAL DIAGNOSTICS
HIGH-SPEED OH* CHEMILUMINESCENCE
The high-speed OH* chemiluminescence image capture system, shown in Fig. 3 assembled for measurement through a side window of the HPOC at 90° to the HPGSB-2, utilizes a combination of high-speed camera, relay lens, high-speed image intensifier, UV lens (Ricoh FL-GC7838-VGUV, f/16), and 310 nm narrow bandpass filter.
Figure 3. PHOTOGRAPH OF HIGH-SPEED OH* CHEMILUMINESCENCE SYSTEM WITH HPOC AND HPGSB-2 INSTALLED (FLOW FROM LEFT TO RIGHT)
The high-speed camera is a monochromatic Vision Research Phantom v1212 with 72 Gb on-board memory and up to 12,000 frames/second at full resolution (1280 x 800) and bit depth of 12 bits. The image intensifier is a Specialised Imaging Limited SIL40HG50 with UV-enhanced S20 photocathode and maximum frame rate of 100,000 frames/second. For this study, the system was operated at 4000 Hz, with the exposure time of the image intensifier set at 10 μs and the gain held constant across all conditions. The system is remotely triggered and controlled by a dedicated computer system using Vision Research PCC 2.8 and Specialised Imaging For averaged images presented in this study, each instantaneous OH* chemiluminescence image was filtered using a 3x3 pixel median filter and corrected for background intensity before being temporally averaged from 2000 images (t = 0.5 s). The temporally-averaged images were then processed using a modified Abel inversion algorithm to provide an axisymmetric planar representation of the localized areas of heat release within the field of view [22] . For phase-averaged images, the number of images used is directly proportional to the number of phases presented and the period of the dominant instability frequency, and will be noted in each figure. Temporal variation of the OH* chemiluminescence signal is also considered through the use of an instantaneous integral intensity, II' OH* [22] . The transmitting and receiving optics were mounted on a traverse system which allowed the control volume to be maneuvered throughout the flow field. Starting from the burner centreline (r = 0 mm), the control volume was moved radially to a final position outside the burner exit nozzle (r = 30 mm), refer to Fig. 2 . Measurements were taken at 1 mm increments for the first 15 mm and last 5 mm covered, with 0.5 mm increments used for the area either side of the burner nozzle ID wall (15 mm < ID wall < 25 mm), for a total of 41 measurements. To investigate the near-wall velocity and turbulence intensity at the burner exit, the isothermal flow measurements were conducted with the quartz confinement removed from the HPGSB-2. Data capture rates up to 40000 points or 25 s of capture time were achieved by controlling the seeding rate and density.
HIGH-SPEED VELOCIMETRY
EXHAUST GAS ANALYSIS
Exhaust gas sampling and analysis was conducted via an industry standard system supplied by Signal Gas Analysers Ltd. An equal area sample probe was placed 200 mm downstream of the exit of the cylindrical quartz confinement. The exhaust gas sample line, filter, and distribution manifolds were maintained at 433 K, while a heated pump was used to draw sample into the analyzer setup. Total NO x concentrations were measured using a heated vacuum chemiluminescence analyzer (Signal Instruments 4000VM), calibrated in the range of 0-39 ppmV. Total NO x concentrations were measured hot and wet to avoid any losses, with data presented at the equivalent dry conditions using a calculated equilibrium water molar fraction, X H2O , and adiabatic flame temperature (AFT) from CHEMKIN [27] using GRI-Mech 3.0 [28] . NO x emissions were then normalized to a reference value of 15% O 2 concentration per Equations 1 and 2, respectively. Exhaust molar O 2 measurements were made using a paramagnetic analyzer (Signal Instruments 
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SURFACE ROUGHNESS MEASUREMENTS
The form and surface roughness of 5 separate surfaces on each of the two ALM swirlers (8R and 8G) as well as the machined swirler (8M) were conducted using a Taylor Hobson Form TalySurf Series 2 profilometer, used extensively for tribology and SLM surface roughness studies [29, 30] . A standard inductive pick-up stylus arm with a 90° conisphere diamond styli with 2 μm nominal radius was used with a 16 nm vertical resolution. This inductive gauge is calibrated over a 12.5 mm radius. As far as reasonably practicable, measurements and the corresponding surface roughness analysis were performed per the guidelines given in BS EN ISO 4287/4288. For example, the upper and lower cut-off lengths for the ALM components were 2.5 mm and 0.0025 mm, respectively due to anticipated mean surface roughness, R a , values greater than 2 μm. The upper and lower cut-off lengths for the machined swirler were 0.8 mm and 0.0025 mm, respectively. For each swirler, 5 separate surfaces were characterized as follows (and shown in Fig. 4 ): In addition, a "raw" swirler with S g = 2.0, which is the subject of future study, was also included on the same build plate as the 8R and 8G swirlers. The same surface roughness measurements were also conducted with this additional swirler to quantify partto-part variation in "raw" R a values. If the SB surface is neglected as previously described, the average deviation in R a values was ±0.2 μm between the raw 8R and S g = 2.0 swirlers, with some surfaces R a values (e.g. ID and SFL) deviating by only ±0.06 μm. This confirms a consistent "raw" surface finish was generated between components on the build plate. The grit-blasted swirler, 8G, shows a reduction in all surface roughness values of approximately 40% compared to the unfinished ALM component, impacted mostly be a reduction in surface peak values. The traditionally machined swirler, 8M, was found to have R a values of approximately 15% of that for the "raw" swirler, 8R, and approximately 25% of that for the grit-blasted swirler, 8G.
In addition to the surface roughness measurement, a measure of the swirler radius was also made along the "SC" surface, a critical flow-developing surface. The nominal design value of this radius is 12 mm for all swirlers. The ALM swirl vanes were found to better replicate this curved profile than the machined swirl vanes, with an average value of 11.971 mm compared to 11.864 mm, respectively. These dimensional deviations fall within BS EN 20286 standard tolerance grades, IT9 for the ALM swirlers and IT12 for the machined swirler. This is in agreement with expected tolerance class limits for ALM and milling processes in the literature [31] .
Further manufacturing tolerance evaluation of the raw ALM swirlers (8R and 8G prior to grit-blasting) was also conducted using a GOM 3D coordinate measuring system, with average deviations from design values falling within ±0.100 mm, again in agreement with values in the literature [31] . A radial profile measurement of the swirl vane, showing increased surface roughness of the ALM swirlers, is given in Fig. 5 .
Figure 5: SURFACE PROFILE AND ROUGHNESS MEASUREMENT OF SWIRL VANE RADIUS
SWIRL FLOW CHARACTERIZATION
Turbulent swirling flows exhibit complex fluid dynamics phenomena that require temporally and spatially resolved measurements in order to characterize unique structures, such as the central recirculation zone (CRZ) or turbulent shear layer, that are developed as a result of pressure and velocity gradients in the flow field. Previous measurements to identify these structures in the HPGSB-2 have relied on low-speed (5 Hz) particle image velocimetry measurements [22] . LDA is one such measurement that provides simultaneous temporal and spatial measurements of both mean and fluctuating axial velocity components, with spatial resolution dictated by the laser control volume size and traverse increments. By combining the mean and fluctuating axial velocity components, u and u' RMS , it is possible to obtain a measure of the turbulence intensity as given in Equation 3:
The values used in Equation 3 were weighted by the transit time of seed particles through the control volume, so as not to bias regions of high velocity which would be expected to have higher seeding densities. Axial velocity and turbulence intensity profiles measured 5 mm above the burner exit are given in Figures 6 and 7 . Two isothermal air flow conditions were investigated, with equivalent total mass flow to φ = 0.55 ( Fig. 6a and 7a ) and 0.80 ( Fig. 6b and 7b) 0.55, φ = 0.75, and φ = 0.80, respectively. As the swirler surface roughness is decreased (left to right for fixed φ in Fig. 8) , the flame is observed to transition axially upstream and radially outward. This is in agreement with the change in the velocity profiles for the similar isothermal flow conditions presented in Fig. 6 and is further confirmed by the plot in Fig. 9 of the OH* chemiluminescence intensity centroid location, calculated using the procedure described in [33] . Figure 9 
FLAME STABILITY
The dynamic behaviour of the 25 kW flame with varying swirler surface roughness was also considered across the entire operating range using high-speed dynamic pressure and OH* chemiluminescence. A measure of the dynamic response of the system is given in Fig. 10 , which plots the dynamic pressure amplitude, p' RMS ( Fig. 10.a) and dominant mode frequency, f 1 (Fig. 10.b) , against equivalence ratio. In general, the operating range is bounded by limits marked by LBO at approximately φ = 0.50 and a rich operating limit, either φ = 0.81 (8R) or φ = 0.95 (8G and 8M). The 8M swirler has distinct stable operating regimes between 0.50 < φ < 0.60 and 0.65 < φ < 0.90. Increasing the surface roughness from 8M to 8R is shown to reduce the instability amplitude observed at φ = 0.60.
However, increased surface roughness in the 8R swirler introduces a potential thermoacoustic instability at φ = 0.81 at approximately 400 Hz.
A c c e p t e d M a n u s c r i p t N o t C o p y e d i t e d
Journal of Engineering for Gas Turbines and Power. Received July 01, 2019; Accepted manuscript posted September 26, 2019. doi:10.1115/1.4044950 Copyright (c) 2019 by ASME; reuse license CC-BY 4.0
Figure 10: DYNAMIC PRESSURE (a) AMPLITUDE AND (b) DOMINANT FREQUENCY AS A FUNCTION OF EQUIVALENCE RATIO FOR ALL SWIRLERS
This is also suggested in Fig. 11 .a, where the secondary mode frequency, f 2 , is observed to be equal to 2f 1 (i.e. second harmonic) for the 8R swirler at φ = 0.81 (note the value of f 2 is off-scale in this plot). This is attributed to the unique near-wall turbulence profile seen for the 8R swirler at near identical flow conditions in Fig. 7b , which would serve to modulate the flame surface, imposing heat release fluctuations which are in phase with the dynamic pressure fluctuation, leading to a limit cycle instability. Of the three swirlers, the grit-blasted 8G swirler shows the widest stable operating range of all three swirlers, with p' RMS below 0.4 kPa for the range 0.52 < φ < 0.90. This suggests a level of surface finish for ALM radial-tangential swirlers which could yield an advantage to stable operation across a wide range of flow conditions.
Figure 11: FIRST (OPEN) AND SECOND (CLOSED) MODE FREQUENCIES AND NORMALIZED AMPLITUDE (HASHED) AS A FUNCTION OF EQUIVALENCE RATIO FOR (a) 8R, (b) 8G, AND (c) 8M
As mentioned previously, Fig. 11 provides insight into the dynamic behaviour of each individual swirler, with 8R ( Fig. 11 .a), 8G ( Fig. 11.b ), and 8M (Fig. 11.c) . In Fig. 11 , the frequencies of both the first (f1, open symbols) and second (f2, closed symbols) dominant dynamic pressure fluctuation modes are plotted against equivalence ratio along with the normalized amplitude of the second mode to the first mode (M f2 /M f1, hashed symbols). Dashed lines are imposed for clarity only. It is expected when M f1 /M f2 is near unity that the system could be considered bimodal, and indeed conditions were identified where lean stability mode switching could occur (indicated in Fig. 11 by arrows) . Bimodal stability was first identified in swirler 8G at φ = 0.75, where M f2 /M f1 = 0.89. It is interesting to note that it is at this φ in Figs. 8 and 9 , where the 8G and 8R swirler OH* chemiluminescence intensity and centroid location are nearly identical, providing indication of the increasing influence of the bimodal stability on flame heat release with increasing reactivity. Figure 11 .a provides evidence of a mode switch from a ~250 Hz dominant frequency to ~400 Hz dominant frequency near φ = 0.55 in the 8R swirler with increasing φ. A similar mode switch shifts to higher equivalence ratio (φ = ~0.64) for the 8G swirler in Fig. 11 .b. Both a lean (φ = ~0.57) and near-stoichiometric (φ = ~0.92) mode switch were observed in the 8M swirler ( Fig. 11.c) .
This behavior was further confirmed by evaluation of the time-varying II' OH* signal at conditions where M f1 /M f2 = ~1.
Finally, it can be seen in Figs. 10 and 11 that all swirlers experience a similar LBO instability, with identical low frequency of f LBO = 7.18 Hz (shown in Fig. 10 .b), confirmed by both dynamic pressure measurement and instantaneous OH* chemiluminescence measurement. For example, in the 8R LBO case shown in Fig. 12 , the phase difference between time-varying II' OH* and p' signals was measured as 37°, satisfying the Rayleigh criterion for instability. Phase-averaged imaging in Fig. 12 of this low frequency, highamplitude instability from the 8R swirler at φ = 0.515 is produced using 64 images for each phase, for a total time between images of t = 0.016 s. This instability is characterized by bulk flame extinction and reignition events, with flame detachment from the burner exit nozzle, downstream axial motion and reduction in heat release, and then reignition of the fresh incoming premixed fuel/air through the CRZ, and finally reattachment to the burner exit nozzle. A similar LBO instability was observed for the 8M swirler at ambient temperature conditions in [22] . The instability frequency appears to be independent of the swirler surface roughness; however, there is a slight lean shift in LBO equivalence ratio with decreased surface roughness. This suggests that the 8M swirl flame, with its stronger CRZ, is able to maintain stable combustion under highly turbulent conditions, as local temperatures in the flow field would be increased at the root of the flame, resulting in increased reactivity. 
EXHAUST GAS EMISSIONS
Exhaust NO x measurements were taken at each experimental condition with each swirler to identify any potential contribution or reduction from the change in surface roughness. NO x production in these lean premixed flames is expected to be dominated by the thermal NO x pathway [34] . However, given that swirler surface roughness has been shown to influence the flow field, turbulence intensity, and flame stabilization location, a measureable influence on NO x emissions could be expected. By
Figure 14: NOx EMISSIONS AS A FUNCTION OF INVERSE SWIRLER SURFACE ROUGHNESS
CONCLUSIONS
Three generic gas turbine radial-tangential swirlers, 2 produced using ALM and the third produced by traditional machining methods, were investigated experimentally using high-speed diagnostics to characterize the influence of varying surface roughness on the resulting flow field, flame stability, and NO x emissions. Stable operating regimes between a well-defined LBO instability and two rich stability limits were identified for a fixed thermal power of 25 kW by varying the air mass flow rate to adjust the exit velocity and equivalence ratio. This work aimed to provide a detailed characterization of the influence and potential benefits of surface features generated during ALM component fabrication, and to highlight the importance of considering these feature during the design process and CFD modelling. The following distinct conclusions can be drawn from this work:
1. Radial-tangential gas turbine swirler geometry can be achieved using ALM with high-strength, high-temperature materials. Also, a 40% reduction in R a of "raw" ALM components was achieved using a post-build grit blast. The resulting R a remains approximately twice that of a machined part.
2. The magnitude of isothermal positive and negative axial velocities is observed to decrease with increasing surface roughness while also shifting the shear layer towards the burner centreline. The maximum axial velocity gradient width is shown to increase up to 15% with increasing surface roughness, corresponding to an increase in turbulence.
3. Despite maintaining similar bulk axial velocities, OH* chemiluminescence distribution was observed to shift upstream with reduced surface roughness. Mean OH* chemiluminescence intensities were seen to increase with increasing surface roughness, indicative of enhanced heat release due to an increase in turbulence and therefore flame consumption speed near the burner exit. 4. All swirlers were observed to experience a similar LBO instability with a frequency of 7.18 Hz, characterized by bulk extinction and reignition events. Transition to higher frequency modes is observed with increasing φ, with increasing surface roughness shown to dampen lean instabilities due to enhanced turbulence, but potentially promote rich instabilities due to increased heat release fluctuations.
5. The combustion system exhibits bimodal stability, with dominant frequencies of ~250 Hz and 400 Hz across all swirlers, with surface roughness shown to influence the operating condition at which the mode switching occurs. It is posited that high turbulence fluctuations near the nozzle ID of swirler 8R contribute to the onset of a limit cycle instability near φ = 0.8, which was not observed in the other swirlers.
6.
Corrected NO x emissions follow an expected thermal NO x production trend with increasing AFT. At φ > 0.65, increasing surface roughness was observed to reduce NO x emissions for nominally similar AFT and exhaust gas temperature due to residence time effects. 
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